ABSTRACT This paper focuses on the impacts that noise generated by the light emitting diodes (LED) have on high-frequency surface wave (HFSW) radars. Initially, the measurements of the electromagnetic interference caused by the LED lights were conducted in an anechoic chamber, in order to eliminate the influences of other interference sources. It was determined that the most significant interference in the HF range is generated between 6 and 12 MHz. Next, the HFSW radar measurements in real field conditions were conducted at an operating frequency of 6.7 MHz. The LED influence on the HFSW radar was analyzed using the range-Doppler (RD) images. A novel algorithm based on the image segmentation and image processing methods for the automatic detection of the LED noise in the HFSW radar RD image is proposed. The proposed algorithm was experimentally validated using the data obtained from the HFSW radar sites located in the Gulf of Guinea. It was concluded that the proposed algorithm is capable of identifying and eliminating the noise originating from the LEDs with a probability of 91%.
I. INTRODUCTION
In recent years, light emitting diode (LED) panels are more widely used because they have a longer lifetime, smaller size and save more energy when compared to traditional incandescent bulbs. In order to improve LED efficiency, various types of switched inverter circuits were developed to drive LED panels and bulbs. The downside to this is that they generate interference that can cause problems for many telecommunication devices at various frequency ranges. For example, in 2010 poor TV reception occurred after LED light bulbs were installed at a shopping street in Miyagi Prefecture, Japan [1] . A number of published papers address LED noise, such as paper [2] which analyzed the impact of LEDs on digital television. Paper [3] deals with LED noise where the authors compared the time domain characteristics of noise
The associate editor coordinating the review of this manuscript and approving it for publication was Mehmet Alper Uslu. and light emissions, whereas paper [4] evaluated the distribution of LED noise on lighting duct rails. Paper [5] categorized two types of LED noise: intermittent and non-intermittent. Measurement of LED electromagnetic interference is also performed in [6] . Paper [7] studies LED effects on a surgical navigation system. The impact of LED lamp noise on receiver sensitivity in wireless medical telemetry systems has been evaluated in paper [8] .
Nowadays, many existing telecommunication systems operate at the same frequency as the noise generated by LED lamps. The goal of this paper is to analyze in detail the influence of LED noise in the high frequency (HF) band on high frequency surface wave (HFSW) radars. So far, the most common way to identify and detect clutter and interference is based on range-Doppler (RD) spectral imaging. Paper [9] proposes a new detection architecture, which can classify and identify the detection background in order to improve detection performance, where the authors chose a threshold VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ to extract the feature of clutter in the RD image. Paper [10] shows how to extract textural features in RD spectrum images using the Gabor wavelet transformation. This could improve the performance of feature extraction of the clutter edge. In paper [11] the authors used spatial characteristics of clutter in a planar array. They also proposed a new orthogonal projection method with eigenvalue decomposition. It should be mentioned that the use of statistical property, Gabor features, image characters [12] and even machine learning techniques [13] are also proposed in some papers. Furthermore, in the available literature we can find that a polarization filter is used [14] . Some multiple carrier frequency operations are described in [15] ; some of them using auxiliary antennas [16] . Unfortunately, the method proposed in [16] makes the radar system more complicated, and auxiliary horizontal antennas can pick up the unexpected radar signal. Radio interference is a significant problem for radars. The authors of paper [17] presented a novel orthogonal noise waveform in order to reduce neighboring interference. Paper [18] proposed a method for sea clutter suppression in the Doppler domain using oblique projection. In paper [19] a new method for interference suppression based on complex empirical mode decomposition is used. The authors presented a mitigation algorithm for radio interferences, but they did not define the exact type of interference, and accordingly the algorithm shows diverse performances for different kinds of interferences.
In this paper we described the method for detection of a specific type of noise (LED noise), by using a novel algorithm for processing an RD image of HFSW radars. Compared to other published algorithms/methods, the advantage of our proposed method is that it answers whether LED noise is present and based on this it more effectively performs image processing of an RD image (for this type of noise). To the best of our knowledge, in the so far published papers the impact of LED noise on HFSW radar is not analyzed in such detail. This paper is organized as follows: we present a basic overview of HFSW radar features and the creation and importance of RD imaging in Section 2. In Section 3, we describe the experimental measurements and results in an anechoic chamber performed in the HF frequency band. Experimental measurements of LED noise using an HFSW radar are presented and the corresponding results are discussed. In Section 4, we propose a novel detection method of LED noise identification using RD imaging and we analyze the effectiveness of the proposed method. Finally, the paper is summarized in Section 5 along with the concluding remarks and we also highlight future work.
II. HFSW RADAR
The HFSW radar is used for remote measurement of oceanographic features such as: wave spectra, sea currents, wind direction, and aircrafts. It can also be used to detect ice zones [20] . Nowadays, HFSW radars have an increased use in vessel detection and tracking beyond the line of the horizon. The major advantage of this radar compared to microwave radars is its operating range of 200 nautical miles; which corresponds to the exclusive economic zone (EEZ). Nations, which have an EEZ, are required to establish and maintain administration, law enforcement, and environmental protection in their respective EEZ. The HFSW radar is the only sensor that offers the capability of inexpensive surveillance of such a large area, with the added ability to monitor the sea surface state and track targets continuously in all types of weather [21] . To take full advantage of all technological advances, the radar system and its operators must be equipped with the means to detect, isolate, and interpret subtle features in the radar echoes [22] . The HFSW radar described in this paper uses surface waves [23] , where any reflection from the ionosphere is considered as radar clutter. HFSW radar images can be affected by many factors: operating frequency, electrical properties of the propagation surface (salinity and roughness of the sea), season, time of day and night, target's radar cross section, and level of atmospheric, cosmic and man-made noise [23] . HFSW radar performance is not solely determined by the system design and operating parameters, but is also strongly influenced by the characteristics of the ionosphere as well as the prevailing HF electromagnetic environment. During daylight hours, ionospheric clutter has been observed to exist between 100 and 500km. At night, ionospheric clutter can be extended to several thousand kilometers [21] . Interference from other users of the HF band, such as long range skywave communication, worsens at night [24] . External interference can cause blind zones, missed detection and a high false alarm rate [25] . Interference is a big problem for radar systems and in some papers the authors tried to separate radar signals of interest from interference, e.g. paper [26] . When a strong interference is present, such signals may significantly contaminate the RD image. This effect degrades the performance of HFSW radar systems [27] . The focus of this paper is the analysis of manmade noise caused by LEDs and the behavior of an HFSW radar under those conditions. Paper [28] demonstrates that target detection using RD images is the best option for this types of radar. In this paper, the Vlatacom HFSW radar is used as a measurement system. The corresponding site geometry is presented in Fig. 1 .
In Vlatacom HFSW radars the conventional radar signal processing for target detection uses sequential fast Fourier transforms (FFT) and this is called range and Doppler processing. After mixing the transmitted signal with the received signal in the chirp, a low pass filter is applied. The frequency of the target echo is linearly related to the time delay or the distance of the target. In each chirp, the received signal is a superposition of target echoes backscattered from different ranges with different time delays. After the first FFT, the target echoes from different ranges are separated from each other in the frequency spectrum. This is the range processing which provides a frequency spectrum of target echoes.
Let's assume that we have N chirps in a coherent integrating time, consequently, we will have N samples as the ''time series'' for each target coming from a range. The phase of this ''time series'' is linearly related to the velocity of the target. The second FFT is applied to all N samples for each range target to generate the Doppler spectrum. Therefore, the target echoes with different velocities from a certain range are separated from each other in the Doppler spectrum [28] . Finally, after the second FFT, an RD image can be generated.
A. RD IMAGE OF HFSW RADAR
An RD image gives the spectral density of the power backscattered by scatters located in a picture with appropriate color, according to the range and the Doppler frequency [29] . Bragg peaks, atmospheric noise, ionosphere interference, meteor trails, man-made co-channel communication services, LED noise or any other interference and target signatures can be found in an RD image. Also, the strong variation of surface wind velocity modifies the local surface gravity wave field, which can influence the RD signature [30] .
Sea clutter is dominated by Bragg scattering. This result in an RD image with two dominant peaks, which can produce blind velocities and make a vessel that is being targeted, undetected. The Bragg peaks are the result of resonant scattering of the transmitted radar signal from ocean waves. These peaks are produced by the first-order scattering from the specific spectral component of the ocean surface wave field, whereas the Doppler frequency of the target vessel is the result of its radial velocity relative to the radar site. In an RD image, a moving vessel target can be detected because it has an observable radial velocity and can produce a remarkable Doppler shift.
Different types of background noise, clutter and interference can be present in an RD image. HF radars depend on the detection of scattered radio waves and are therefore vulnerable to attack by both intentional and unintentional jammers [31] . This makes ship detection a very challenging problem and requires different detection methods. Indeed, each physical phenomenon, like the electromagnetic interaction with targets, sea surface etc., together with post-signal processing (range processing, beam forming, and Fourier transform) creates RD images that lead to a specific morphological signature. The authors of paper [32] used the morphological component analysis as a preprocessing technique to separate one RD image into two images, where one of them was only made out of the target signature. Here, it can be seen why it is important to have less noise in RD images, because our goal is to extract the radar target signature from an RD image. In this paper, the RD spectrum is used to observe noise using image recognition and segmentation processing, motivated by image processing tools.
There are limitations to HFSW radar performance because of various unwanted clutters and interferences that contaminate the radar signal. Among all types of unwanted signals, radio frequency interference (RFI) is very often present since the HF band represents the operational range of HFSW radars and is shared by many radio services [26] .
III. LED NOISE MEASUREMENT
People's awareness of energy conservation has increased, and LED lamps have been rapidly replacing traditional incandescent bulbs. The use of LED panels in the near future will increase even more. However, LED lamps generate strong electromagnetic noise since various types of converter circuits are installed in them. The fundamental switching frequency of LED converters ranges from 50 to 100kHz and the radiated noise has much higher harmonic components with frequencies up to several hundreds of megahertz [5] . The noise leaks from the associated inverter circuits and then radiates through the power lines and toward the outside and can have adverse effects on other telecommunication devices. For protecting radio services against electromagnetic noise, the special committee on radio interference (CISPR) published new limits and methods of measurement [33] . The other very important standard which defines noise measurement in the HF band is the ITU recommendation SM.2155 [34] . LED noise measurements presented in this section are performed in two ways. The first set of measurements was conducted in an anechoic chamber, whereas the second set of measurements was done by using an HFSW radar installed on location, and used its RD images.
A. LED NOISE MEASUREMENT IN ANECHOIC CHAMBER
Here we have measured the radiated noise from LED lights. The measurements were carried out according to [34] . The spectrum of LED panel noise is evaluated in an anechoic chamber using an EMI receiver. Fig. 2 shows the schematic diagram of the measuring setup. As shown in this figure, LED lights are placed in the anechoic chamber to avoid environmental noise. CISPR recommends measurement distances to be 3m and 10m. The distance between the receiving antenna and the LED light in our experiment is set to be 3m because the size of the anechoic chamber did not allow measurements at longer distances. A line impedance stabilization network (LISN) is inserted between the power source and the LED panel. The LISN is used to prevent high-frequency interference from the power source getting into the measuring system. A Keysight N9038 EMI receiver is used for detecting EMI radiated from the LED panel. The antenna used was an active short vertical monopole with an antenna factor 0dB and VOLUME 7, 2019 FIGURE 2. Interference measurement of LED panels. with 50 impedance. Cable loss for a coaxial cable at the HF band could be ignored because of the short cable length.
The measured results of the radiated noise from LED lights are presented in Fig. 3 . We used LED lights from different manufactures. The first panel we used was an LED panel with 5W power and an input voltage range between 100-240V. The second 6W LED panel is from a different manufacturer and with a similar input voltage range. Finally, an 18W LED bulb is used, with a specified input voltage range between 220-240 V. It can be noticed that the most critical frequency range in the HF band is between 6-12MHz, for all LED lights, where the strongest interference is present in the ranges of 14-16MHz and 20-26MHz. These critical frequency ranges are the consequence of switching frequencies inside the LED drivers that create the harmonic components. The LED bulb emits less noise than the LED panels because its LED driver more efficiently minimizes the radiated noise for a smaller range of input voltages. On the other hand, when looking at LED panels, more noise is radiated compared to the LED bulb. The LED panels with more power radiate more noise.
B. LED NOISE MEASUREMENT USING HFSW RADAR
After the anechoic chamber, the measurements were carried out using HFSW radar where the outputs of the measurements were RD images. The main parameters that are important for creating our RD images are the following: the radar has 4 monopole transmit antennas and a receive array that consists of 16 antennas. The working frequency was 6.7MHz with a 100kHz bandwidth, which is inside the most critical frequency range, where the strongest interference is generated by LEDs in the HF band. The coherent integration time of the RD image is 33s. The transmitted waveform was a linear frequency modulated continuous wave. The RD spectrum here was obtained by solving the range and Doppler using the HFSW radar data. Transmitted power was 400W, samples per data run were 13312, and chirp length was 0.260028s.
The tests conducted in the anechoic chamber confirmed that at a frequency of 6.7MHz, the LED noise is very strong, approximately 20dB (Fig. 3) . Measurements are carried out at the same distance between the LED panel and the antenna, just like in the anechoic chamber (3m distance). One LED panel with 6W power is used for this measurement; the same panel as used in the anechoic chamber. This panel is used because it gave the highest level of interference from the three tested LED light/panels in the anechoic chamber. The HFSW radar creates an RD image for each receive antenna, but we will consider only one image from one measurement antenna, because the results are the same for all antennas. Fig. 4 shows how the RD image looks like for antenna 5 when the LED panel is off and on. From this figure, it can be seen that LED noise masks a lot of information and thus strongly influences radar detection.
IV. NOVEL ALGORITHM FOR IDENTIFYING LED NOISE ON RD IMAGE
LED noise is not the only type of noise that can occur. Any type of noise has the potential to mask targets and degrade the performance of radar systems in a specific way. That is why it is important to determine whether what is really happening is because of LED noise or some other type. According to our experimental research, several types of noise from an HFSW radar measurement system can occur in its RD image. Fig. 5 shows four examples. We can observe that only in the case b) the LED panel is on, whereas in the other cases the LED panel is off during measurement. Additionally, different types of noise can be combined at the same time (presented later in Fig. 8 ).
Image recognition of problematic regions in RD images can be realized by humans easily (such as the areas depicted by red rectangles in Fig 5a and 5d) . However, we are focused on making detection of noise automatic. Since it is important to know which type of noise is present and which appropriate mitigation technique can be later applied, we propose a new algorithm to identify LED noise. Fig. 6 shows the flow chart based on the proposed algorithm. We can see that the input of this algorithm is the 84416 VOLUME 7, 2019 RD image and the corresponding output is the conclusion whether the dominant noise is caused by LEDs or not and based on that LED noise mitigation. The first step in this algorithm is describing the background subtraction of RD images. This subtraction is done based on the concept of the ''rolling ball'' algorithm described in [35] . This algorithm uses a legacy ''rolling ball'' algorithm that corrects uneven illuminated backgrounds. A ball of given radius is rolled over the bottom side of the RD image and the hull of the volume reachable by the ball is the background which is to be subtracted. The ball's radius in this algorithm is set to 100 pixels. The second step is ''math subtraction''. Here, each pixel in the image is subtracted with a constant. The pixel intensity is reduced by a constant of 50. The value of this constant was determined experimentally. After subtraction, we applied a ''shadow'' effect on the image. This effect comes from the north direction. The commands use the Convolve 3 × 3 FiJi convolution function [36] . After this step, binarization is applied, and therefore the images come out as black and white. Objects are counted and measured in step 5. The objects in this case indicate the noise area. The scanning of the RD image runs until all edges in the noise areas are found. These areas are then outlined, measured and counted. Some measurement areas could then be ignored. This is achieved by setting ''particle size'' in this algorithm, whose value is set to be more than five square pixels. With this setting, only more intense noise is observed. After counting more noise areas from the RD image that are treated as objects, it is possible to conclude whether this is noise caused by LEDs or not. By experimenting, it is determined that the number of objects does not exceed the value of 100 for LED lights, in 91% of samples. Fig. 7 shows how the RD image is changing during algorithm execution.
The proposed algorithm gives a high probability of successful detection of LED noise using an RD image. Images used for the verification of the proposed algorithm are made on 20 different days at various times of day and night. In total 1500 RD images are used for testing and the percentage of successful detection of dominant LED noise was 91%. However, sometimes more than one disturbance can happen at the same time. For some of these cases, it can be concluded that the dominant noise does not come from an LED light, rather, the noise from LED panels is also present and cannot be ignored. It does not happen for all disturbances, but only when they have high intensity. These cases are not frequent, but they can happen. Fig. 8 shows some of these examples.
After identification of LED noise interference, the next step is to achieve the extraction and suppression of the LED noise. To achieve this, signal levels in all cells in RD image, which are identified as affected by LED noise, are replaced with an average signal level of the surrounding non-affected cells. In this way, the average signal level of the whole RD image will drop as a side effect, making detection at the end of the range a bit more challenging. This is an acceptable tradeoff, since without the proposed algorithm, LED noise will cover the entire RD image, producing a large number of false targets and significantly impedes ship detection. The final result is shown in Fig. 9 , where RD images (before and after) reducing the LED noise with the proposed algorithm are presented.
V. CONCLUSION
In this paper, we analyzed the influence of noise generated by LEDs and its effect on HFSW radar performance. This radar plays an important role in wide area monitoring of marine targets and sea state. The clutter and some interference, which are difficult to detect can limit the detection ability and they cause false alarms and/or loosing real targets. In this study, we investigated the radiation noise from LED panels in the HF band and its effect on HFSW radars. First, the frequency spectrum of noise radiated from LED panels is measured in an anechoic chamber. The switching regulator of the LED light is the source of the noise. LED lights that mainly produce electromagnetic noise in an RD image, can be identified by using the novel method proposed here, if LED lights are the dominant noise source. By analyzing 1500 different RD images, it can be concluded that the proposed method is capable of identifying the noise shown in an RD image with a high probability of 91%, irrespective of whether that noise is caused by the LED light or not. After detection, LED noise can be reduced from the image by using the proposed algorithm. Since it does not work in real time, our future research will be focused on the improvement of LED noise suppression algorithms in RD images, in order to achieve practically real time performance. Since 2015, he has been a Researcher with the Vlatacom Institute, Belgrade. His research interests include the development of high-frequency surface wave radar with an emphasis on constant false-alarm rate algorithms and performance modeling as well as maritime multi-sensor data fusion algorithms.
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